The structure o f 'ineffective' nodules and its influence on nitrogen fixation B y H . K . Ch e n a n d H .
G . T h o r n t o n
Bacteriology Department, Rothamsted Experimental Sta (Communicated by Sir John Russell, F.R.S.-Received 4 A pril 1947) [P lates 13, 14] 1. The a n a to m y an d cytology of nodules produced on clover, peas and soy beans b y 'effective' an d 'ineffective' strain s of were investi gated , w ith especial reference to th e changes in volum e o f th e active infected tissue during th e life of th e nodule.
2. I n clover th e m ean volum e of th is active bacterial tissue is about th ree tim es as g reat in 'effective' as in 'ineffective' nodules. This is due to a n early a rre st of grow th in nodules produced b y ineffective strains.
3. In all nodules th e active b acterial tissue eventually disintegrates, b u t in effective clover nodules it rem ains w ith o u t disintegration for ab o u t six tim es as long as in ineffective nodules.
4. I n an experim ent to te s t th e nitrogen fixation by clover inoculated w ith an effective an d an ineffective stra in , th e difference betw een th e strains in th e am ounts of nitrogen fixed could be accounted for by th e differences in volum e an d in d u ratio n of th e active bacterial tissue.
5. I n peas, nodules produced b y a n effective stra in were nearly twice the length of those produced by an ineffective strain , and th eir bacterial tissue rem ained w ith o u t disintegration for a b o u t tw ice as long. 6. I n soy beans th e m ean volum e of bacterial tissue was 4-75 tim es as great in effective as in ineffective nodules and th e percentage o f th a t volum e com posed of infected cells was tw ice as great.
7. In ineffective soy bean nodules d isintegration of th e bacterial tissue began w hen th e p la n t was 4 weeks old an d was practically com plete by th e tw elfth week, a t w hich tim e no disintegration could be found in effective nodules.
8. The difference in am o u n t of nitrogen fixed by soy bean p lan ts bearing each ty p e of nodule could be accounted for wholly b y th e factors m en tioned above.
9. T hus in b o th clover a n d soy b ean nodules th e volum e an d d u ratio n of th e active infected tissue are th e m ain, if n o t th e only, factors determ ining differences in n itrogen fixation am ongst th e strain s tested .
A . I n t r o d u c t io n
The fact th a t strains of nodule bacteria differed in their ability to benefit the host legume was realized as early as the nineties of last century. I t was, however, the careful work of Stevens (1925) working with lucerne, and of W right (1925 a, b) with soy beans, th a t definitely showed the wide differences in nitrogen fixed in the same species of host legume when infected with different strains of bacteria. Their work has been amply confirmed and has been extended to other host plants by numerous workers such as Helz, Baldwin and Fred (1927) working with peas, Eckhard, Baldwin and Fred (1931) with lupins, and Baldwin and Fred (1929) with clover.
In some cases, especially amongst clover nodule bacteria, strains have been found th a t fix very small amounts of nitrogen and confer scarcely any benefit on their host. Such strains are here referred to as 'ineffective' although this term is relative and it is doubtful whether strains exist th a t fix no nitrogen at all.
Various authors have attem pted to find some correlation between in effectiveness and such other characters as serological behaviour and cultural features shown in vitro. Stevens (1925) and W right ( some success in relating ineffectiveness to agglutination reactions, while Baldwin and Fred (1927) found th at strains of lucerne nodule bacteria showed differences in respect to mannitol fermentation th a t agreed with the determinations of effectiveness in nitrogen fixation found by Stevens (1925) . But, on the whole, little correlation has been found between effec tiveness in the plant and behaviour of the organisms in laboratory culture. * * D r H ugh Nicol te ste d th e strain s of nodule b acteria th a t form th e subject of th is paper as regards th eir grow th an d th e change of reaction produced in m edia containing a wide range of carbohydrates and higher alcohols. No differences were found th a t could be correlated w ith effectiveness tow ards th e host plan t. I t has, nevertheless, been natural to suppose th a t bacteria of ineffective strains fix less nitrogen in the host plant owing to some defect in the mechanism of nitrogen fixation possessed by them. This is not self-evident, however, since crude nitrogen determinations of host plants inoculated with different strains do not provide a measure of the nitrogen-fixing efficiency of the bacteria unless an estimate can be made of the quantities fixed by unit masses of bacteria in unit time. To obtain this estimate, corrections must be made for such factors as the number of nodules, the volume of active tissue containing bacteria within these nodules, and duration of its activity. Adequate data for making even approximate corrections of the last two factors have not hitherto been available. The need for such data has, however, long been apparent from the frequently recorded fact th a t both the numbers and mean size of nodules show large differences as between strains, those th a t are ineffective tending to produce more numerous but much smaller nodules. Surprisingly few observations have been recorded in which the anatomy and cytology of nodules produced by effective and ineffective strains have been compared. Elizabeth McCoy (1929) studied the anatom y of nodules on Phaseolus. Earlier workers such as Frank (1890) and Schneider (1892) considered th a t nodules on Phaseolus as a class were not beneficial to the host plant. Benefits from inoculation have been recorded with Phaseolus by Wilson and Leland (1929) but it does seem th a t ineffective strains are particularly prevalent with this host plant. In any case, the nodules studied by McCoy were apparently on an ineffective type. She found th a t the formation of the nodule was due rather to the multiplication of infected cells than to th a t of uninfected cells which were later invaded by the bacteria, as is more usual in legume nodules. The former process, however, has been found by Milovidov (1926 Milovidov ( , 1928 to be typical of lupin nodules, an ob servation confirmed by us, and is hence more likely to be conditioned by the type of host plant than by the particular strain of the invading or ganism. McCoy also found her Phaseolus nodules to be unusual in the following characters. (1) There were relatively few infected cells in the central tissue. (2) The nodules contained an abundance of starch as sociated with a great development of mitochondria. (3) The bacteria were rod-shaped and did not change into swollen or branched 'bacteroids'.
Marie Lohnis (1930) studied the anatom y of pea and clover nodules, in each case produced by an effective and an ineffective strain. She found th a t the two types of pea nodules differed in the amount and distribution of starch, the ineffective nodules containing more starch, more widely distributed through the nodule. Her effective nodules also contained a peculiar type of bacterial cell not found in the ineffective nodules. In clover nodules, however, she records no differences in anatomy, in amount and distribution of starch or in the shape of the bacteria as between effective and ineffective nodules. This similarity suggested th a t the unusual char acters found in ineffective nodules on Pisum and Phaseolus are not neces sarily associated with inefficiency.
I t therefore seemed desirable to study the anatom y and cytology of nodules produced on several host plants by effective and ineffective strains, first, in order to determine w hat characters were common to ineffective but not found in effective strains, and, secondly, to obtain quantitative data from which it might be possible to form some estimate of the relative amount of nitrogen fixed by a unit mass of bacteria in unit time in nodules of each class. For without such an estimate it was impossible to determine how much of the ineffectiveness of a given strain was due to relative in ability of the individual bacteria to carry out the process of nitrogen fixation, and how much to poor growth of the bacteria within the host tissues.
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The nodules on clover, peas and soy beans were chosen for this investi gation, because these are widely different types of host plant from which strains of nodule bacteria have been isolated th a t differ greatly in effective ness. The following bacterial strains were used: * The au th o rs are g ratefully in d eb ted to Professor I. R . B aldw in, W isconsin A gricultural E x p erim en t S tation, an d to Professor C hristian B arthel, L andbrukskogkolan, U ppsala, for supplying th e cultures referred t o ; also to th e S taff of A b ery st w yth U niversity for th e clover p lan ts from w hich th e Coryn stra in w as isolated.
Strains 205 and 202 are the same th a t formed the subject of Marie Lohnis' observations on clover nodules.
The original strains 205 and 202, obtained from Wisconsin, lost their power of producing nodules during the course of the work, although strain 205 has since recovered this power w ithout loss of effectiveness. In the meantime, however, a second active culture of each strain was obtained from Wisconsin in 1937, and these are here distinguished by the numbers 2057 and 2027.
The anatomical descriptions given below are based on the study of nodules on clover grown in agar and on peas and soy beans grown in sand.
The clover plants used for this study were grown in agar media in test tubes 1J in. in diameter. Three methods were employed. The first was the usual one of growing the plants in agar blocks made by pouring about 30 ml. of the melted agar medium into each tube and allowing it to solidify with the tube kept upright. Seeds were sown near the glass so th a t a good proportion of the root system should remain visible. The second method was to pour 10 ml. of melted medium into each tube and to solidify it by rotating the tube under a stream of cold water, as is done in the 'rolltube ' method of plating bacteria. Seeds were sown a t the upper edge of the film of medium. Such cultures have the advantage th a t the whole root system remains visible through the glass, so th a t the appearance and growth of the individual nodules can be followed. I t was used in obtaining growth curves of nodules and to obtain nodules of known age for anatomical study. The method suffered from a tendency of the agar film to dry up. This drying could be delayed by adding a few ml. of sterile water to each tube, but it was later replaced by a third method in which 12 ml. of agar medium were added to each tube and allowed to solidify and form a slope, the seed being sown a t the upper end.
For the first, or agar block method, the following medium was employed:
F e P 0 4 0-5 g. Tap water 11.
For the roll and slope cultures, the medium was modified as follows in order to stiffen the agar gel and to reduce the opaque phosphate precipitate:
0-2 g. Agar 20*0 g. CaH4(P 04)2. 2HaO 0-5 g.
Tap water 11. NaCl 0-1 g.
The tubes of agar were autoclaved for 20 min. at 15 lb. pressure. For inoculation, the tubes were cooled to 42° C and a loopful of the appropriate culture was added to the melted agar and mixed by gentle shaking. This method gives quicker and heavier infection of the plant than th a t of adding the bacteria after the agar has solidified.
The seeds were externally sterilized by shaking for 3 min. in absolute alcohol, for another 3 min. in 0*2 % HgCl2 and washing in four changes of sterile water. Two to four seeds were planted in each tube with a flamed platinum loop. During growth, the tubes were supported in blocks of wood drilled with suitable holes of such a depth as to keep the root system shaded.
For nitrogen determinations, clover was grown in quart milk bottles each containing 800 g. of sand and 100 ml. of the following food solutions:
The bottles of sand were autoclaved for 2 hr. and the food solution separately autoclaved for 15 min. at 15 lb. pressure. The inoculum was suspended in the food solution and the suspension added to the sand with a sterile pipette. Seven to ten externally sterilized seeds were sown in each bottle. Peas and soy beans were grown in glazed earthenware pots, the former in small pots containing 3 kg., and the latter in large pots holding 12 kg. of sand. The pots of sand used for peas were rendered free from a con tamination of nodule bacteria by blowing steam upwards through the sand for 14 min. via the hole at the base of the pot. In the case of soy beans the pots and sand were not sterilized, as these were found to be free from soy bean nodule bacteria.
The same food solution was used for peas and soy beans as for the bottle cultures of clover. 200 ml. of this solution was added to each of the small pots and 1000 ml. to each of the large pots. More food solution was added as required during the course of the experiments. The solution used in growing the peas was sterilized and watering was done with boiled water. The inocula were added to the first dose of food solution before adding this to the pots. Seeds of both peas and soy beans were externally sterilized and sown at a uniform depth. In all experiments with clover, peas and soy beans, uninoculated controls were grown and these remained free from nodules.
For anatomical study, nodules were fixed at intervals during the growth of the host plants and in the case of clover, nodules of known age were taken. They were usually fixed in Allen's modification of Bouin's solution (Allen's P.F.A. 3) and occasionally in Flemming's medium solution (as given by McCoy 1929). They were brought through alcohols into chloro form, imbedded in paraffin wax and cut into sections 6-10/t thick. Most of the sections were stained with Heidenhain's iron haematoxylin with or without a counter-stain of erythrosine or orange G.
For studying the distribution of starch, slides were treated with a mordant of 2% aqueous solution of tannin for 12 hr., stained for 2 min. with 1 % aqueous gentian violet and differentiated in 95% alcohol. Excellent results were obtained when this method was combined with the haema toxylin stain. The slides were then treated as above described after the haematoxylin had been differentiated with iron alum, and were finally counter-stained with orange G.
C. The developm ent and structure of clover nodules produced BY DIFFERENT STRAINS OF BACTERIA
In agar cultures of clover, the nodules induced by the strains here studied, first appeared on plants about 8 days old, which had produced their first true leaves. Nodules visible to the naked eye appeared on the same day in which infected root hairs were first observed, indicating th a t the bacteria pass down the root hair and induce proliferation of the root cells within 24 hr. The early development of the nodule follows the course described by Thornton (1930a) for lucerne nodules. The first stage consists of a mass of proliferating cells (figure 1, plate 13) mostly in the cortex but penetrating into the pericycle. The central cells soon swell and most of them become infected with bacteria brought into them by the infection threads (figure 2, plate 13). At this stage also, vascular strands begin to be differentiated along the sides of the nodule. By the time the nodule is a week old the cytoplasm of the infected cells in the central region becomes filled with bacteria. This central tissue is referred to below as the 'bacterial tissue' (figure 3, plate 13).
At the distal end of the nodule a cap of cells remains meristematic. In all clover nodules studied, the bacteria in recently infected cells close behind this meristem cap are rod shaped, but in older parts of the bacterial tissue they change into branched or swollen forms, often referred to as 'bacteroids'. The shape of these bacteroids differs considerably in different strains but these differences are not correlated with the effectiveness of the strain. The bacteroids in nodules produced by strains 2057, A and 2027 are usually pear-shaped or branched, an observation already made for the two American strains by Marie Ldhnis (1930) . In the Coryn strain the bacteria undergo a type of change never observed by the authors in any other nodules (figure 4). Swellings appear either a t the end or in the centre of the young rod-shaped cells and increase until they absorb the whole of the rod, which is thus converted into a sphere. At first the staining material is distributed throughout the spherical cell but later this became collected to form a deeply staining granule. Final disintegration releases these granules from the cells.
The amount and distribution of starch varies very greatly in individual clover nodules but seems to bear no relation to the effectiveness of the strain.
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F ig u re 4. F o rm atio n of spherical form s b y C oryn stra in b acteria in th e nodule.
The early course of nodule formation is common to all the strains studied, whether effective or ineffective. I t results in the formation of an approxi mately spherical nodule about 0-5 mm. in diameter. From this stage, however, the course of events differs in effective and ineffective nodules.
In nodules produced by the effective strains 205, 2057 and A, the apical meristem continues its activity (figure 5, plate 13) and causes the nodules to grow in length so that, when 7 weeks old, they have a mean length of about 2 mm. (figure 6).* The mean length of such nodules of all ages on plants ten weeks old is 1*45 mm. In nodules produced by the ineffective strains Coryn and 2027, the meristem cap ceases to function after about 7 days so th a t the nodules remain small and round, having a mean diameter of 0*8 mm. In these nodules there is therefore a very small volume of bacterial tissue (figure 3, plate 13). The volume of this tissue in clover nodules bears a fairly constant relationship to their overall length, as was also found to be the case with lucerne (Thornton and Nicol 1936) . This relationship, found for nodules of strain 2057 and Coryn, is shown graphi cally in figure 7, which is based on measurements of nodules from plants of varying age grown in agar and on the assumption th a t the bacterial tissue is cylindrical in shape. The mean length of strain 2057 nodules on plants 10 weeks old corresponds to a bacterial tissue volume of 0*22 cu. mm., * The d a ta p lo tte d in figure 7 are derived from th e agar cultures described below in § D (p. 218). The volum e of organized bacterial tissue p lo tted in figure 10 were also obtained from these cultures. s tra in coryn age (days) F ig u r e 6. G row th in len g th of effective a n d ineffective clover nodules. F ig u r e 7. R elatio n of overall len g th to volum e of bacterial tissue in clover n°dules. E ach p o in t gives th e m ean volum e of b acterial tissue in from 3 to 10 nodules oi th e sam e overall length. D ots refer to stra in 2057, crosses to th e Coryn strain nodules.
Proc. Roy. Soc. 13, 129, plate 13
US.
(Facing /?■ 216)
whereas th a t of Coryn nodules corresponds to a bacterial tissue volume of only 0-05 cu. mm.
In clover nodules of all the strains studied, the bacterial tissue eventually disintegrates owing to parasitic attack on the tissues by the bacteria, as has been described in the nodules on clover and lucerne by Thornton (19306) . But one of the most striking differences between effective and ineffective nodules is the time at which this disintegration takes place. In nodules produced by the effective strains, the bacterial tissue begins to disintegrate at the base, when the nodule is about a m onth old ( figure 8, plate 13) . After about eight weeks the centre of the nodule usually shows complete disintegration and is filled with collapsed and necrotic cells. In ineffective nodules of strains 2027 and Coryn, disintegration begins when the nodule is only about 7 days old, th a t is, almost as soon as the bacterial tissue is developed, and is complete by about the 15th day ( figure 9, plate 14) . Measurements of the volume of total bacterial tissue such as are plotted in figure 7, therefore give an incomplete picture of the differences between effective and ineffective nodules, for not only does the volume attained by the bacterial tissue differ in the two types of nodule, but also the duration of its active life prior to disintegration. I t is the differences in volume of organized, or undisintegrated bacterial tissue throughout the life of the nodules th at are of importance. These differences are illustrated diagrammatically in figure 10 . The history of the bacterial tissue in a nodule can be divided into two stages. During stage I, which lasts from its first appearance Vol. 129. B. until disintegration commences, the volume of the organized bacterial tissue is increasing. During stage II, the progress of disintegration from the base upwards causes a decrease in the volume of the organized bacterial tissue, which is in the end completely destroyed. In effective nodules the bacterial tissue continues to grow, so th a t on plants 10 weeks old its mean volume per nodule is 0-22 cu. mm. The nodule does not begin to show dis integration till it is nearly a m onth old and this process is not complete until it is about 8 weeks old, the organized bacterial tissue, formed by the end of the first week, having an active life of about 7 weeks. In ineffective nodules the bacterial tissues ceases to grow after about a week when its mean volume is about 0*05 cu. mm., and it is completely disintegrated by about the fifteenth day having thus an active life of little more than a week.
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The cells of the bacterial tissue contain almost the entire bacterial population of the nodule, and this tissue, prior to its disintegration, may therefore be assumed to be the centre of nitrogen fixation. The activity of the nodule in fixing nitrogen must therefore be greatly affected by the differences above described, and should bear a relation to an integration of the volume of organized or undisintegrated bacterial tissue over the period covered by stages I find II.
D. R elation of volume and duration of the bacterial tissue TO NITROGEN FIXATION IN CLOVER NODULES
A series of clover cultures in agar was made in order to obtain more exact data as to the changes in volume of organized and disintegrated bacterial tissue during nodule growth . The plants were grown in wide test tubes by the agar slope method above described. H alf of the tubes were inoculated with the effective strain 2057 and half with the ineffective Coryn strain. The tubes were kept in a warm glasshouse and moisture maintained by the occasional addition of sterile culture solution.
Nodules were individually marked as they appeared, so th at their age at the time of sampling might be known. Two tubes inoculated with each strain were taken at weekly intervals and the overall lengths of their nodules were recorded and measurements were made of the length and width of the organized and disintegrated bacterial tissue in these nodules, from free-hand sections, stained with 0-1% thionin made up in a 5% phenol solution. From these measurements the volumes of bacterial tissue were calculated, assuming a cylindrical shape. The results are shown graphi cally in figure 11 , based on the examination of 152 nodules of strain 2057 and 71 Coryn nodules. If individual bacteria of the two strains are equally active in fixing nitrogen in the nodule, the amount of nitrogen fixed by a nodule should be proportionate to the product, vt, of the mean volume of organized bacterial tissue and the time during which it acts. This product was obtained from the data by calculating the term {S(x)/n} t, where x represents the volume of organized bacterial tissue found on n
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ineffective strain coryn age of nodule (days) F igure 11. Changes in volum e of to ta l an d of organized bacterial tissue in effective and ineffective clover nodules.
-------------T o tal bacterial t i s s u e ; ---------organized bacterial tissue.
occasions over a growth period of t days. The calculation expresses the result in units of 1 cu. mm. bacterial tissue acting for 1 day ('cu. m m .-days'). The value of vt was found to be 8-25 cu. mm.-days per nodule for the effective strain 2057 and 0-42 for the ineffective Coryn strain. The difference in the factor vt should therefore account for a difference of nearly tw enty fold in the nitrogen fixed by individual nodules of the two strains. To determine the true nitrogen fixing efficiency of the bacteria of each strain it was thus necessary to estimate the amount of nitrogen fixed per unit volume of the organized bacterial tissue per day of each strain.
An experiment was made to determine the quantities of nitrogen fixed by red clover, grown in quart milk bottles of sand as described in the section on methods. The bottles were divided into three sets, one uninoculated, one inoculated with strain 205 and one with the Coryn strain. After a growth period of about 3 months, the number of nodules in each bottle was counted and the nitrogen determined by the Kjeldahl method. The results are set out in table 1. The amount of nitrogen fixed per bottle was obtained by subtracting the amounts found in the uninoculated set. The amount fixed per ml., per day, e, was calculated from the formula e = lOOOf/vtd, where / is the nitrogen fixed and d the mean number of nodules per bottle.* The value of e for strain 205 is 3*9 mg. of nitrogen fixed per c.c.-day, and th a t for the Coryn strain is 4-59. If one assumes th at the latter strain has the same efficiency as strain 205, a calculation can be made of the nitrogen th a t should be fixed per bottle by the Coryn strain if the value of e for this strain were also 3-9. This calculation gives the ex pected amount of nitrogen fixed per bottle as 1*27 mg. which does not differ significantly from the observed value of 1*51 whose standard error is ± 0-547, with 11 degrees of freedom. Thus, although the plants with strain 205 nodules fixed nearly four times as much nitrogen as those bearing Coryn nodules, the whole of this difference can be accounted for by the smaller volume and shorter duration of the organized bacterial tissue in nodules of the ineffective strain. * I n th is experim ent, th e d a ta used for calculating volum es of bacterial tissue were derived from agar cultures b u t applied to th e analytical results obtained from sand cultures. This procedure seem ed to be justified because th e m ean lengths of 205 and Coryn nodules were in approxim ately th e sam e ratio in th e agar an d sand cultures.
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E. The structure of pea nodules produced by effective AND INEFFECTIVE STRAINS
Observations were made on the anatom y of nodules produced by the effective strain 310 and by the ineffective strain B 33 on peas grown in small pots of sand. Roots were washed at different stages in the growth of the host plant, the nodules measured and sample nodules of various sizes were fixed and sectioned.
There was a marked difference in the size of nodules produced by the two strains. On plants 10 weeks old, strain 310 nodules of all ages had a mean length of T8 mm. and this included a number of long shaped and branched nodules. On plants of the same age, B 33 nodules had a mean length of 1*08 mm. and were spherical in shape.
ineffective strain , B 33 effective strain , 310 F ig u r e 12. B acteroid stra in s from pea nodules.
The course of nodule development in the pea generally resembles th a t in lucerne and clover. Sections showed that, on plants 10 weeks old, even large nodules of the 310 strain retained an active meristem cap and th a t very few showed any disintegration • of the central tissue. Most of the nodules of B 33 strain, even on plants six weeks old, showed no active meristem cap and had their bacterial tissue completely disintegrated.
The appearance of the bacteria was particularly examined in view of the statements by Nobbe and Hiltner (1893) and Marie Lohnis (1930) , th a t ineffective nodules contained bacteria in the rod stage which did not change into typical 'bacteroids '. In our material typical swollen and branched ' bacteroids ' were found in the organized bacterial tissue of nodules pro duced by both the effective and ineffective strains (figure 12). These dis appeared as usual during the process of disintegration of the bacterial tissue and so were absent in most nodules of the B 33 strain from plants over 6 weeks old, since by th a t time disintegration was usually complete.
Nobbe and Hiltner mention th a t their ineffective nodules showed no meristem cap and it therefore seems likely th a t they, at any rate, based their description on nodules in a state of disintegration, such as quickly follows the arrest of meristem activity. Marie Lohnis (1930) also describes certain unusual bacterial cells, referred to as ' brown bacteroids ', in effective nodules. No such forms could be identified in our material, in which no constant differences in the shape of the bacterial cells could be found to distinguish the strains.
Young nodules produced by either strain contained considerable amounts of starch. Disintegrated bacterial tissue seldom contains any starch so th a t the earlier onset of disintegration caused an earlier disappearance of the starch in ineffective than in effective nodules.
Thus the principal differences found in effective and ineffective pea nodules are the smaller size of the latter and the shorter duration of the bacterial tissue in them. These differences are similar to those found in clover nodules.
F. The course of growth and structure of soy-bean nodules PRODUCED BY EFFECTIVE AND INEFFECTIVE STRAINS
The material used for studying the anatom y of Soy bean nodules was obtained from sand cultures of the plants in large pots made in 1937, 1938 and 1939 . The plants were inoculated with the effective strain 501 and with the ineffective strain 507, and nodules of various sizes were taken and fixed at different stages in the growth of the plant.
The development of nodules on the soy bean differs in some im portant respects from th a t in clover and pea nodules. Its general course has been described by Bieberdorf (1938) with whose account the present authors agree.
The nodules remain approximately spherical but become slightly flattened with age. Nodules of strain 501 continue to grow until they attain a con siderable size. In the 1939 experiment, nodules of this strain, on plants four months old, attained a mean diameter, taken a t right angles to the root, of 2-95 mm. Nodules of strain 507 stop growing quite early and remain small. The mean diameter of such nodules on four months old plants from the same experiment was only 1-9 mm. There is, in consequence, a large difference in volume of the bacterial tissue contained in the two types of nodule. Measurements were made of the bacterial tissue from freehand sections of 100 nodules of each strain taken from plants of varying ages grown in 1939. From these data the volumes were calculated, assuming the shape of the bacterial tissue to be an ellipsoid. The volume of bacterial tissue is plotted against the overall diameter of the nodule in figure 7 . The relation of the two characters differs in the two strains, an effective nodule of given length having more bacterial tissue than an ineffective one. The volume of bacterial tissue, corresponding to the mean diameters given above are, 11-4 cu. mm. for strain 501 and 2-3 cu. mm. for strain 507. The bacterial tissue of soy-bean nodules differs in appearance from th a t of clover and pea nodules. In the latter the great m ajority of cells are filled with bacteria both in effective and ineffective nodules, so th a t the volumes of this tissue in the two types gives a comparable estimate of the relative numbers of bacteria present. B ut in soy-bean nodules the bacterial tissue contains a relatively large proportion of uninfected cells and this proportion differs strikingly in effective and ineffective nodules studied (figures 14, 15, plate 14). Estimates of the percentage volumes of infected cells in the bacterial tissue were obtained by measuring the areas occupied by infected and by uninfected cells in random microscope fields in microtome sections from a number of nodules of each type. The results are shown in table 2. Measurements made from soy-bean nodules grown in 1938 showed th a t 82-99% of the volume was occupied by infected cells in strain 501 nodules and 43-44% in strain 507 nodules. In the material grown in 1939, the percentages were 94-19 for strain 501 and 49-16 for strain 507. The percentages for the two strains in each year were in the same ratio, namely 1*91 : 1, but they were different in the two seasons, this seasonal difference being significant in the case of strain 501. In the infected cells of both types of nodules, the bacteria lie close-packed in the cytoplasm, so th at a comparison of the percentage volumes of infected cells should provide an estimate of the relative numbers of bacteria per unit mass of the bacterial tissue in the two types of nodule. In soy-bean nodules the infected cells were found to be free from starch, but the uninfected cells contained many starch grains. Since these latter cells were much the more numerous in inefficient nodules, the amount of starch in these nodules was proportionately greater. The 507 nodules somewhat resembled the ineffective Phaseolus nodules, described and illus trated by Elizabeth McCoy (1929) , in having many uninfected cells filled with starch in the central tissue.
The bacteria in infected cells in soy-bean nodules remain in the rod stage and show scarcely any change toward the 4 bacteroid ' condition in any p art of the nodule. There was no noticeable difference in their appearance in the organized bacterial tissue in nodules produced by the two strains.
The process of disintegration of the bacterial tissue in soy beans differs in im portant respects from th a t in clover and pea nodules. I t does not always begin at the base but may start a t any point in the central tissue. In the early stages, the bacteria break up into granules and the infected host cells lose their turgidity. The uninfected cells, however, remain turgid and their pressure on the infected cells causes these to collapse. When this process is far advanced the appearance of a section suggests, and was, indeed, at first mistaken for intercellular infection ( figure 16, plate 14) . I t probably accounts for the statem ent of Kas (1930) th a t soy-bean nodules show both intra-and intercellular infection, and may also explain the 'intercellular' type of infection described in Serradella by Milovidov (1926, 1928) . Bacterial tissue showing this collapse of the infected cells is here referred to for convenience as 'disintegrated', although there is no general collapse of the tissue as occurs in clover and pea nodules. This is clearly due to the large proportion of uninfected cells which remain turgid, and support the tissue.
There is a marked difference between nodules of strains 501 and 507 in the age at which disintegration takes place. In the 1939 nodules of strain 507 the process began when the host plant was only 4 weeks old and was nearly complete by the twelfth week. Strain 501 nodules on plants twelve weeks old did not yet show any disintegration, which only began to appear when the plants were at the end of their growth period, a t an age of about 17 weeks.
Effective and ineffective soy-bean nodules thus show differences in their growth and decay of the same general type as those found in clover and pea nodules. Effective nodules grow to a mean diameter 50 % greater than th a t of ineffective nodules. They contain more than five times the volume of bacterial tissue, which bears twice the percentage by volume of infected cells, and this tissue lasts more than four times as long as in ineffective nodules before becoming disintegrated.
I t was, however, necessary to follow the course of growth and decay of the bacterial tissue throughout the growing period of the plant before the quantitative effect of these factors on nitrogen fixation could be estimated.
The size of the plant made it impracticable to use the agar culture method, used with clover for obtaining individual nodules of known age. The measure ments here recorded are therefore the means from batches of nodules taken from successive reapings of plants of recorded ages taken during the potculture experiment of 1939. These data did in fact give a good measure of the growth and decay of the nodules because, as is usual in soy beans, nearly all the nodules appeared when the plants were quite young and so did not vary greatly in age within each batch.
The soy beans were grown in th irty large pots, twelve of which were inoculated with strain 501, twelve with strain 507, while six were left uninoculated. Three or four plants inoculated with each strain were removed at weekly intervals, and, from these, tw enty nodules of each type were examined by means of hand sections stained with carbol thionin. In each section, measurements were made of the diameters of the nodules and of the area occupied by bacterial tissue, and an estimate was made of the percentage of th a t area showing disintegration. From these measurements, the mean volumes of organized and of disintegrated bacterial tissue in each batch of twenty nodules were calculated. The volumes of total (that is, organized pins disintegrated), bacterial tissue have been plotted against nodule diameter in figure 13 , already discussed. Changes in volume of the organized bacterial tissue, with time are shown in figure 7, and discussed below. At the end of the growth period, the remaining plants, then 4 months old, were reaped, the nodules counted and nitrogen determinations made by the Kjeldahl method. In figure 17 , the calculated volumes of total and of organized bacterial tissues, taken from the weekly measurements, are plotted against the age of the plants. From these data the integrated cu. mm.-days, are cal culated according to the formula
S(b-by)
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where b is the mean volume of total bacterial tissue found on each occasion and y the estimated percentage of th a t tissue showing disintegration.
The values of vt thus calculated, are 83-95 for strain 507 and 647-4 for strain 501. These are in units of 1 cu. mm. of organized bacterial tissue acting for one day, but they do not represent the relative volumes of active tissue until further corrected for the percentage, c, of infected cells within the bacterial tissue of each strain. When this correction is made, using the mean percentages obtained from 1939 data shown in table 2, the value of vtcj 100 for strain 507 is 41-27 and for strain 501 it is 609-79. The average 501 nodule should thus fix nearly fifteen times as much nitrogen as the average nodule of strain 507, by reason of its larger content of infected cells.
The data with regard to nitrogen fixation are set out in A pplying e = 1-17 to d a ta of strain 507. E x p ected nitrogen fixed per p la n t should be 2-18.
The value of e, for the two strains 507 and 501, were 1-42 and 1-17 respec tively. If the value for strain 507 were the same as for the other strain, namely 1-17, the expected nitrogen fixed per plant would be 2-18 mg., actually a fraction less than the observed figure. Thus the whole of the large difference in nitrogen fixed by soy-bean plants bearing the two types of nodules can be accounted for by differences in the total volume of infected cells and in the duration of their activity.
D iscussion
The course of the growth and decay of nodules produced by effective and ineffective strains of bacteria on clover, peas and soy beans thus shows th a t there are two quantitative characters closely correlated with effec tiveness, namely the combined volume of the infected cells and the length of time th a t elapses before they collapse and disintegrate. Other features of nodule anatomy, unless causally connected with the above two characters, were found to show no association with effectiveness. A ttem pts were made with clover and soy beans to give quantitative values to these factors of volume and duration of the organized tissue containing bacteria, and to apply these values as corrections in estimating, from the results of analysis, the quantities of nitrogen fixed by a unit volume of infected cells in unit time. These attem pts were so far successful th a t in experiments with both host plants, the whole of the large differences between the amounts of nitrogen fixed by 'effective' and 'ineffective' strains respectively could be accounted for by the differences in volume and duration of the infected nodule cells. The d ata showed no evidence th a t the 'ineffective' strains were really less efficient in fixing nitrogen per unit of bacterial mass in unit time, than the 'effective' strains.
The problem of ineffective nodules thus resolves itself into the need for explaining why the volume of infected cells in them remains so small and why these cells disintegrate so soon. The small volume of bacterial tissue is related to the early cessation of apical meristem growth in the nodule, but since this meristem activity is doubtless stim ulated by the bacteria, both the short growth period of the nodule and the early decay of the in fected cells are indications of poor bacterial growth within the tissues.
Strains of nodule bacteria differ in the rapidity of their growth on a rti ficial media, but there is no correlation between this character and their effectiveness in the host plant. There is thus no reason to believe th a t in effective strains are naturally less vigorous in growth than others, when given a suitable medium. Hence the poor growth of these strains within the nodule indicates th a t the tissues of the host plant provide an environ ment th a t is less suited to the ineffective than to the effective strains.
This may either mean th a t some unfavourable factor is normally present in the host tissues, or th a t such a factor appears in them as a consequence of infection by the ineffective strain. The latter alternative is rather sug gested by the fact th a t ineffective nodules commence their growth quite normally and only later show arrested development. 
